Objectives: Intracostal suture or intercostal muscle flap can reduce post-thoracotomy pain through the preservation of intercostal nerves below or above the incision. This study aims to test whether combining intracostal suture with intercostal muscle flap might achieve better pain relief than intracostal suture alone. Methods: This study included 144 consecutive patients who underwent pulmonary resection. Eighty patients entered the trial but eight were excluded. Seventy-two patients were randomly assigned to a muscle flap group, in which the fifth intercostal muscle and neurovascular bundle were raised and intracostal suture on the sixth rib was applied. For the control group, only intracostal suturing on the sixth rib was done. All patients had a functional epidural placed, which were removed 24 h after surgery. Differences on average numeric rating scale (aNRS) scores were assessed in an early post-operative period from day 1 to day 7 and a later period from week 2 to week 12, when patients were resting or coughing. The doses of oxycodone demand and hyperalgesia-related intercostal dermatomes (HIDs) were recorded for analysis. Results: No differences were noted between the two groups in terms of length and width of the incision, or duration of rib retraction. Neither in different time periods (early or late) nor the activity status (while resting or coughing) yielded a statistical difference on aNRS scores between the muscle flap group and the control group (muscle flap group vs control group: mean (95% confidence intervals) from d ay 1 to day 7, 4.42 (1.56-7.28) vs 4.79 (2.03-7.55) on coughing ( p = 0.282); median (inter-quartile range, IQR) from day 1 to day 7, 1.71 (0.86-3) vs 2.50 (1.16-3.12) while resting ( p = 0.279); median (IQR) from week 2 to week 12, 0.43 (0-0.86) vs 0.48 (0.06-1.20) on coughing ( p = 0.595); median (IQR) from week 2 to week 12, 0 (0-0.14) vs 0.05 (0-0.14) while resting ( p = 0.856)). No differences were found in total oxycodone consumption from day 1 to day 7 between the two groups (Z = À1.821, p = 0.069). The rate of HIDs in each intercostal space and median number of HIDs were similar between the two groups on day 1 ( p > 0.05) and day 7 ( p > 0.05). Conclusions: The combination of intracostal suture with intercostal muscle flap may not necessarily achieve better post-thoracotomy pain control than using intracostal suture alone. #
Introduction
Substantial pain after thoracotomy has been a focus of clinical interest, especially with regard to the quality of life after surgery. Intercostal nerve injury has been suggested as the leading cause of post-surgical pain in a series of studies [1] [2] [3] . The most severe functional impairment to the intercostal nerves occurs immediately above and below the incision, while intercostal nerves much higher or lower than the incision can also be blocked [1] . The widespread involvement of intercostal nerves implies that protection should be applied at multiple levels, including modified surgical techniques to lessen traumatic intercostal nerve injury and multimodal pain management [4] .
Cerfolio et al. [5] described a less painful procedure, intracostal suture, which frees the intercostal nerve below the incision from entrapment. More recently, they reported an intercostal muscle flap technique which also reduces pain through the protection of intercostal nerves above the incision [6] . Theoretically, combining intracostal suture with intercostal muscle flap might achieve better pain relief than intracostal suture alone. However, the process of raising the muscle flap might cause potential trauma to the nerve. Further investigation is needed to determine whether applying both techniques at the same time could result in a synergistic effect. A prospective single-blinded randomised study was conducted to evaluate the difference in pain relief between the two groups described in the hypothesis. Furthermore, a possible mechanism of intercostal nerve protection was explored by measurement of hyperalgesiarelated intercostal dermatomes (HIDs) on the chest wall.
Materials and methods

Entry criteria and patient recruitment
From June 2007 to April 2008, all patients who were admitted for a pulmonary nodule or biopsy-confirmed lung cancer at the Peking University School of Oncology & Beijing Cancer Hospital were eligible for this study. All patients were operated upon by one surgeon (Y.Y.). Pulmonary function testing and cardiac evaluation were required as preoperative assessment. Brain magnetic resonance imaging (MRI) or computed tomography (CT), bone scan, and abdominal and supraclavicular ultrasound scanning were used to rule out potential metastatic lesions or N3 disease.
The exclusion criteria included the following list of conditions: chronic pain and/or long-term use of nonsteroidal, anti-inflammatory drugs (NSAIDs) or analgesics, preoperative chemotherapy or radiotherapy, cancer invasion into the chest wall, previous ipsilateral thoracotomy and neurological diseases such as diabetes-related neuropathy, non-small-cell lung cancer patients with metastatic disease in more than one site. The exclusion criteria were subject to patients who did not speak the official Chinese language and needed translators and also patients suffering from stroke and other diseases of the central nervous system, which might have influenced their judgement on pain scores.
Patients' unwillingness to continue the trial, non-functional epidural, incision infection or empyema, mechanical ventilator assistance due to respiratory failure or pulmonary embolism, multiple fracture of rib (two or more ribs) and reoperation due to haemorrhage or other thoracic emergencies resulted in exclusion from the study.
The surgical team was the same for each operation. Patients were blinded to the group assignment, as was the third-party nurse who recorded pain scores, conducted dermatome evaluations and noted the amount of analgesia that was used after the operation. The surgeon who summarised data was also blinded to group assignments. A functional epidural was placed preoperatively and patient-controlled epidural analgesia (PCEA) was programmed to a demand-only mode after surgery, with a formula of morphine 40 mg ml À1 in ropivacaine 0.12%. The epidurals were removed 24 h after surgery to rule out the effects of morphine. No local anaesthetics were injected into the intercostal muscle before entry into the chest. Subsequently, patients were given oxycodone according to their reaction to pain. The doses of oxycodone demand were recorded from day 1 to day 7 after surgery. No other analgesia or NSAIDs were used in this period until discharge.
Differences in the mean pain intensity scores between the two groups were assessed by the numeric rating scale (NRS) [7] . The patients were asked to identify the intensity of pain by choosing a number from zero (no pain) to 10 (the worst pain imaginable) when they were resting or coughing. The nurse trained to take the pain score recorded the data at 9 a.m. every day when the patients were in the hospital and after their discharge, by telephone interview at fixed intervals as per protocol until 12 weeks after surgery.
HIDs were selected to evaluate the extent of intercostal nerve injury [8] . The trained nurse applied an external stimulation to assess pain magnitude from the second to the 12th intercostal dermatomes between the operative chest wall and the normal side on day 1 and day 7 after surgery.
Grouping criteria and surgical procedure
All patients were randomly assigned to one of the two groups on the day of surgery according to a computergenerated randomisation list, which was drawn up by the statistician and given to a surgical assistant who did not take part in surgery during the trial. The assistant informed the surgeon about the assignment just prior to the operation. A lateral incision was selected at the fifth intercostal space. After the division of the latissimus dorsi and anterior serratus muscles, entry to the thoracic cavity and closure were carried out by two different methods.
The control group received protection of the intercostal nerve below the incision. Cautery was used to incise the inferior attachment of the intercostal muscles from the superior margin of the sixth rib. For closure, intracostal sutures were placed through four pre-drilled holes on the sixth rib and over the top of the fifth rib, according to Cerfolio et al. [5] , as illustrated in Fig. 1A and B.
The muscle flap group was defined as that in which the intercostal muscle and the neurovascular bundle from the costal groove of the fifth rib was raised [6] with the goal of protecting the intercostal nerve above the incision (Fig. 1C) . Specifically, cautery was used to score along the anterior aspect of the rib and reflect the periosteum off the rib to the desired length by using a periosteal elevator. The procedure stopped posteriorly on the line of the inferior angle of the scapula. After separation, a retractor was placed between the two exposed ribs with muscle flap and the neurovascular bundle pulled out of the incision for protection. The closure procedure was similar to the control group, as shown in Fig. 1D . After entry to the chest, different kinds of pulmonary resection were performed according to the location of the tumour. When the procedure was completed, all patients had two chest tubes placed (24F and 30F) at the eighth intercostal space. The width and length of the incision were measured during the operation by the surgeons and the duration of the operation was recorded as well.
Follow-up and statistical analysis
Follow-up was achieved for all patients 3 months after surgery. The NRS scores were recorded during interviews at post-operative weeks 2, 3, 4, 6, 8, 10 and 12.
All data were analysed by SPSS v13 software (SPSS Inc., Chicago, IL, USA). A sample size of 60-80 patients was required for a two-tailed significance level of 0.05 and a statistical power of 0.8 calculated by PASS software (baseline NRS of 3 and anticipated NRS of 1.5 with standard deviation of 2 based on a previous pilot study) [9] . Data of all enrolled patients were analysed on an intention-to-treat basis. Data analysis was performed by Student's t-test or Mann-Whitney U test according to the normal or non-normal distribution of data. The Pearson's chi-square (x 2 ) test was used to compare proportions. The p values for differences were calculated with a significant level set at p < 0.05.
Results
From June 2007 to April 2008, 144 patients received pulmonary resection by one surgical team in this department. Eighty patients entered the trial, of which eight were excluded for reasons of multiple rib fracture in three cases, re-operation due to haemorrhage on day 1 after surgery in two cases and suspicious chest wall invasion found in surgery in three cases. Clinical information for the remaining 72 patients is summarised in Table 1 . No statistical differences occurred between the two groups in terms of sex, age, length and width of incision, duration of rib retraction, duration of chest tube drainage or incidence of common complications, such as atelectasis and atrial arrhythmia.
NRS scores collected were regrouped into two time periods, namely early post-operative pain from day 1 to day 7 and late pain from week 2 to week 2. Average NRS scores were calculated from two time periods. This more compressed form was selected for analysis to avoid potential occasional results from single tests on a daily basis. Distribution of aNRS scores is shown in Fig. 2 , in which rest indicated unprovoked status, while coughing represented provoked behaviour. Mean aNRS scores (95% confidence intervals) from day 1 to day 7 on coughing were 4.42 (1.56-7.28) in the muscle flap group and 4.79 (2.03-7.55) in the control group, which were normally distributed but no statistical differences were found between the two groups ( p = 0.282). Median aNRS scores (inter-quartile range, IQR) from day 1 to day 7 at rest in the muscle flap group were 1.71 (0.86-3) compared with 2.50 (1.16-3.12) in the control group (Z = À1.083, p = 0.279). For the late pain from week 2 The median total oxycodone consumption for both groups from day 1 to discharge was 5 mg, with a range of 0-260 mg for the muscle flap group, and 0-410 mg for the control group (Z = À1.798, p = 0.072). From day 1 to day 7, median total oxycodone intake (IQR) in the muscle flap group was 5 mg (0.11-19.00 mg), with a range of 0-235 mg and 5 mg (2.13-53.50 mg) in the control group, with a range of 0-295 mg (Z = À1.821, p = 0.069) (Fig. 3 and Table 2 ).
The proportion with no intake of oxycodone for each group was calculated on each day. They were 71%, 76%, 64%, 91%, 97%, 97% and 97% in the muscle flap group and 57%, 54%, 62%, 68%, 76%, 76% and 81% in the control group from day 1 to day 7, respectively. A significant increased proportion with no intake of oxycodone daily was seen in the muscle flap group compared with the control group from day 4 to day 7 ( p < 0.05).
The number of HIDs for each patient was used to evaluate the extent of intercostal nerve injury. The median number of HIDs in both the control group and the muscle flap group at day 1 was two, with a range for the control group of 0-5 and for the muscle flap group of 0-7 (Z = À0.551, p = 0.58). At day 7, the median number was also two for both groups, with a range for the control group of 0-9 and for the muscle flap group of 0-5 (Z = À1.112, p = 0.27). The fourth to the eighth intercostal dermatomes were the most commonly affected regions, while the rate of HIDs in each intercostal space tended to decline by the highest and lowest ends of the thorax. This tendency was similar between the two groups. At day 7, however, the rate of HIDs was lower for most of the intercostal spaces in the muscle flap group than in the control group, as shown in Fig. 4 , although this was not statistically significant.
Complications caused by rib drilling and separation of intercostal neurovascular bundles, such as osteomyelitis, abnormal ossification or osteonecrosis of the fifth rib were not recorded during the hospital stay or the follow-up period for all patients. Other major complications related to pulmonary resection, such as atelectasis and atrial arrhythmia, were similar between the two groups ( Table 1) .
Discussion
Because of the complex and subjective nature of such a study, we minimised possible bias by adopting three approaches for pain measurement in this trial. NRS reflects a reliable and valid judgement of post-thoracotomy pain [10] . A more compressed analysis form, namely early post- Table 2 Median (inter-quatile range) of daily oxycodone use and total consumption after surgery between muscle flap group and control group. operative pain from day 1 to day 7 and late pain from week 2 to week 12, was adopted here to avoid occasional results from single tests. We found that neither in different time periods (early or late) nor the activity status (while resting or coughing) yielded a statistical difference on aNRS scores between the muscle flap group and the control group. The NRS scores synchronised with hyperalgesia measurements. Median numbers of HIDs were similar in the two groups. Moreover, there was no statistical difference for the rate of HIDs in each intercostal space between the two groups. These results implied that a comparable traumatic process occurred to the intercostal nerves between the two matched groups, although in the muscle flap group the fifth intercostal nerve would theoretically be protected from compression.
In this trial, we selected one time point to measure pain scores. Pain could be affected by other factors such as the patient's psychological status and subjectivity of pain sensitivity. Therefore, we added another dimension, analgesia consumption, to evaluate pain magnitude more accurately. Total oxycodone intake from day 1 to day 7 also corresponded well with NRS scores. There were no statistical differences on both parameters between two groups.
Several types of pain occur after thoracotomy. Direct injury to the thoracic wall produces type A delta nerve fibremediated somatic pain, which can be exacerbated by movement [11] . In our experience, pain after surgery varies with time and activity. Therefore, we designed two sets of activity status to score the pain, namely resting and coughing, for a more comprehensive understanding of post-thoracotomy pain relief. Obviously, NRS scores on coughing were much higher than while resting. However, most patients did not require oxycodone even though the pain score reached a moderate or severe level, regardless of the activity status of resting or coughing. It might suggest that the two procedures worked equally well.
In this trial, NRS scores returned to a low level (<4) shortly after surgery, even in the control group. However, different activities did affect the score. Most of the scores on coughing within 7 days were about 2 times higher than while resting. Patients are encouraged to perform active cough and sputum excretion after thoracic surgery. However, compared with the time patients spent on less disturbing activities, such as deep breathing, walking or resting, the time patients spent on coughing was less and more prone to be intermittent. This might explain why majority of the patients did not ask for oxycodone if we looked at the scores taken when they were resting.
To protect the fifth intercostal nerve, we cautiously reflected the periosteum off the rib. Anteriorly, separation stopped where the nerve ran from the groove to the inferior edge of the rib; posteriorly, it ended at the point where the groove ended. The length of removed intercostal muscle was long enough for protection and further operation. Rogers and Duffy [12] pointed out that preservation of the intercostal nerves could not be guaranteed. We had the same concern during this trial. To harvest the intercostal muscle flap, we preferred a periosteal elevator to preserve the blood supply of this flap and to avoid heat damage to the nerve by cautery. Except for potential trauma to the nerve, the technique of raising the muscle flap was safe. By the end of the follow-up, we recorded no signs of abnormal ossification or osteonecrosis by chest CT.
The force of retraction may contribute to the intercostal nerve injury. Evidences were shown in animal models that opening the chest cavity carefully may reduce tissue damage and animal stress [13] whereas prolonged tissue retraction produced persistent pain [14] . There are several ways to reduce the pain from our own experience. During rib retraction, a narrow width of entry space, of about 6-8 cm, is more favourable than a broad one, although the latter would better facilitate the operation. It would help to weaken the compressive trauma to the nerve. Shortening the operation time and releasing the retractor periodically accompanied by lung reflation during the operation would also be helpful for pain relief.
We cannot judge the extent of surgical trauma solely by hyperalgesia, because other symptoms, such as hyperaesthesia and hypoaesthesia also represent neuropathic pain. Hyperalgesia is a relatively simple and objective parameter to test. Future studies are needed to measure nerve conduction in vivo immediately after raising intercostal muscle flap and before closure.
In conclusion, combination of intracostal suture with intercostal muscle flap may not necessarily achieve a better post-thoracotomy pain control than using intracostal suture alone. Potential invisible damage to the intercostal nerve while raising a muscle flap might be a major concern.
